Abstract The activation of caspases represents a crucial turning point during a batch or a fed-batch culture of mammalian cells. It not only affects the quantity but also the quality of the recombinant glycoprotein produced. In this study, the activation of various caspases, the release of intracellular sialidase and the changes in sialylation pattern of a recombinant product, erythropoietin (EPO), in the culture medium were analyzed in both batch and fed-batch cultures. In both setups, all caspase activities peaked at the culture time point at which decline of cell viability was most pronounced. In addition, the release of intracellular lactate dehydrogenase (LDH) was also tracked during these cultures. The increase in LDH activity in the medium coincided with the increase of intracellular caspase activities, the release of sialidase and the observed decline in cell viability, suggesting that the LDH activity in the medium can be used as an indirect indicator of apoptotic cell death in bioreactors. Isoelectric focusing (IEF) coupled with double blotting was employed to analyze the changes in sialylation pattern of the recombinant EPO. This assay resulted in a prompt resolution of secreted EPO isoforms in a time course format. IEF profile of batch culture showed relatively consistent product sialylation compared to fed-batch culture, which showed gradual band shifts towards the isoforms with fewer sialic acid as the culture progressed. These data provided a guideline for the optimal time point to terminate the culture and collect products in batch and fed-batch cultures.
Introduction
Characterization of mammalian cell culture processes is essential for the economical production of therapeutic recombinant glycoproteins. The in vivo activity of many recombinant glycoproteins is highly dependent upon their glycan structures. Terminal sialic acid residues at the N-linked glycans influence a glycoprotein's circulatory half-life significantly as it prevents the recognition by the asialo-glycoprotein receptor on the surface liver cells, which are chiefly responsible for systemic clearance of glycoproteins in the blood (Higuchi et al. 1992; Misaizu et al. 1995; Spivak and Hogans 1989; Takeuchi et al. 1989) .
Desialylation of recombinant glycoproteins in cell culture media is largely attributed to the release of intracellular sialidase by dead cells (Gramer and Goochee 1993; Gramer et al. 1995) . Cell death in bioreactors can be triggered by various factors. These factors include inordinate shear stress, nutrient depletion, waste accumulation, hypoxia and high osmolality (Al-Rubeai and Singh 1998; Chen et al. 2001; Ryu and Lee 1999) . Under the influence of these factors, cell death in bioreactors can occur in two different forms, namely cell necrosis and apoptosis. Necrosis involves the physical rupturing of cells and is often caused by excessive mechanical agitation or aeration in bioreactors. Apoptosis, on the other hand, is a gene-regulated physiological response and is morphologically characterized by cell shrinkage, membrane blebbing, chromatin condensation and DNA fragmentation. To date, apoptosis is regarded as the principal form of cell death in cell culture (Goswami et al. 1999) ; though the exact pathway involved remains unclear. Breakdown of apoptotic bodies results in the release of intracellular contents, such as sialidase, into the medium which can be harmful to the recombinant product.
Apoptosis is characterized by the activation of a family of cysteine-aspartate proteases, known as caspases (Degterev et al. 2003; Hengartner 2000) . In viable cells, caspases are expressed as inactive zymogens. Under the action of various apoptosis inducing signals, inactive caspase precursors are mechanistically activated. A unique hallmark of caspases is that they specifically cleave after an aspartic acid in the target protein.
As different caspases prefer different amino acid sequences at the cleavage site, synthetic substrates have been generated for the analysis of various human caspases (Thornberry et al. 1997) .
Apoptosis occurs through the mitochondrial pathway or the death receptor pathway (Jiang and Wang 2004; Ashkenazi and Dixit 1998) . At the apex of these two apoptosis pathways are the initiator caspases, caspase-8 for the death receptor pathway and caspase-9 for the mitochondrial pathway. Active caspase-8 or caspase-9 in turn activates downstream effector caspases, such as caspase-3, caspase-6 and caspase-7, which lead to the execution of apoptosis.
Traditional methods employed in the analysis of protein glycosylation require large amount of purified product. In addition, it is a time-consuming process. As glycosylation microheterogeneity is known to occur during the course of cell culture (Floch et al. 2004; Harmon et al. 1996) , alternative methods need to be developed for the routine monitoring of glycan structures of recombinant glycoproteins. Isoelectric focusing (IEF) has been successfully employed for the detection of recombinant human erythropoietin (EPO) isoforms in urine samples of athletes (Lasne and de Ceaurriz 2000; Lasne et al. 2002) . Separation of EPO glycoforms is based on pI differences due to different sialylation profiles exhibited by recombinant and endogenous EPO. In contrast to traditional glycan analysis approaches, IEF requires a much smaller sample size and it eliminates the need for complicated protein purification and sample preparation. It does not compromise the resolution as IEF can clearly distinguish one isoform from another that differs by only one sialic acid residue.
Though IEF was previously employed in the analysis of EPO glycoforms in batch culture (Yoon et al. 2003 (Yoon et al. , 2004 , the published method required reverse phase HPLC purified EPO samples of up to 10 lg. In this paper, we proposed the use of isoelectric focusing, in conjunction with double blotting (Lasne 2001 (Lasne , 2003 , as a simplified method to analyze the sialylation profile of secreted EPO produced by a recombinant CHO cell line in both batch and fed-batch cultures, without the need for any form of preliminary sample purification. Due to the sensitivity and specificity of double blotting, sample requirement was reduced by 50-fold to only 200 ng.
In addition to sialidase, many other cellular components could be released by the dead cells. One such component is lactate dehydrogenase (LDH). As LDH can be easily monitored we used LDH as an indicator of cell death during a batch and a fed-batch culture. When both the productivity and the quality (sialylation pattern) of the recombinant EPO in the medium were considered, our data provided a guideline as when to stop the bioreactor and collect the products.
Materials and methods
Cell line and culture conditions CHO-K1 EPO HT # 1 was a single clone recombinant CHO cell line that stably expressed recombinant human erythropoietin with a six His tag attached to the C-terminal. It was engineered by transfecting a CHO-K1 (ATCC CRL-9618) cell line with a pcDNA 3.1(+) (Invitrogen) construct, containing human erythropoietin cDNA tagged with six histidine codons at the 3¢ end. Stable transfectants were selected using G418 (Gibco) at 1 mg ml -1 and single clones were isolated and maintained in DMEM (Gibco) supplemented with 10% (v/v) FBS (Gibco).
CHO-K1 EPO HT # 1 was adapted to serum free suspension culture and maintained in HyQ PF-CHO (Hyclone), supplemented with 2 g l -1 sodium bicarbonate (Sigma) and 0.1% (v/v) Pluronic F-68 (Gibco). Glucose and glutamine concentrations were 17 and 4 mM, respectively. Suspension culture was agitated via an orbital shaker (Ika) set at 110 rpm and kept in a 37°C humidified incubator with 8% (v/v) CO 2 .
Bioreactor setup and set point controls Two-liter doubled-walled, round-bottom glass vessels with heated water jackets (B. Braun Biotech) were employed in the bioreactor runs. Exponentially growing cells from a 2nd day seed culture were used to inoculate both the batch and the fed-batch bioreactors at a seeding density of 3.0 · 10 5 cells ml -1 . The initial working volume of each bioreactor was 1.5 l. Process control set points were controlled using a digital control unit (DCU, B. Braun Biotech). Each bioreactor was configured with a standard 60 mm diameter, 45°pitch blade impeller and agitation rate was set at 110 rpm. Aeration was achieved through the headspace and silicone membrane tubing basket (B. Braun Biotech).
Dissolved oxygen (DO) concentration was monitored using a polarographic electrode (Mettler Toledo) and maintained at 50% air saturation at 1 atm using an air/N 2 mix or O 2 /air mix set at 1 slpm. Culture pH was controlled at 7.1, using intermittent CO 2 gas sparging (maximum 0.2 slpm) or 7.5% (w/v) NaHCO 3 solution. Culture temperature was controlled at 37°C via the integrated water jacket. HyQ PF-CHO was employed as the initial basal medium for both batch and fed-batch cultures.
Feeding strategy for the fed-batch operation Two separate feed media were formulated for controlling glucose and glutamine concentrations. The glutamine feed medium was prepared from a proprietary blend comprising of 10 · salt-free, glucose-free, and glutamine-free DMEM/F12 (Hyclone), supplemented with 1 · HyQ PF-CHO. Glutamine concentration was 200 mM (Sigma). The glucose feed medium was a 1 M glucose solution (Sigma).
Predictive feed forward control was employed in the fed-batch setup. Discrete control of glutamine and glucose were achieved by feeding the projected amounts of glutamine and glucose that would be consumed by the cells over the forecast intervals. This was estimated by assuming that the specific growth rate, specific glucose and glutamine consumption rates during the forecast interval would be the same as that in the current sampling interval (Sauer et al. 2000) . Glucose and glutamine concentration set points were 0.5 and 0.15 g l -1 , respectively. Periodically, about 10 ml of culture were sampled from each reactor twice a day at 9 AM and 5 PM. Culture supernatants and cell pellets, after centrifugation at 2,000 rpm (Beckman), were aliquoted for various analyses and kept at -20°C.
Cell density and cell viability determination
Viable cell density and cell viability of culture samples were measured using Cedex (Innovatis), based on trypan blue staining. Standard deviation obtained in each reading (based on 20 slide images) was used in the computation of cell count error.
EPO quantification EPO concentration of supernatant samples was determined using an enzyme-linked immunosorbent assay (ELISA) kit (Roche). Appropriate serial dilutions were performed on samples prior to ELISA analysis. ELISA assay was duplicated for each sample to ensure reproducibility.
Extracellular sialidase activity analysis Extracellular sialidase activity was determined by fluorescence emission according to a modified method (Gramer and Goochee 1993) , using 4-methylumbelliferyl-a-D-N-acetylneuraminic acid (4MU-NANA, Sigma) as substrate. Eleven ll of 4-MU-NANA stock solution (3.3 mM 4-MU-NANA in 0.9 M KH 2 PO 4 pH 7.2) was added to 89 ll of supernatant sample and the reaction mixture was incubated at 37°C. The fluorescence generated was measured at intervals of 2 min for 2 h using a microplate reader (Tecan GENios) at an excitation wavelength of 365 nm and emission wavelength of 450 nm. Extracellular sialidase activity of each sample was calculated based on the rate of increase in fluorescence. Samples were run in duplicate to ensure reproducibility.
Lactate dehydrogenase (LDH) activity analysis LDH activity in the culture media was analyzed using a Cytotoxic Detection Kit (Roche) according to the supplied manufacturer's protocol. Medium samples from batch culture were used as undiluted while samples from fed-batch cultures were diluted 10 · with PBS. Samples were run in duplicate to ensure reproducibility.
Intracellular caspase activities assay
Harvested CHO cell pellets were lysed with chilled lysis buffer (5 mM DTT, 10 mM HEPES pH 7.5, 2 mM EDTA, 0.1% CHAPS) on ice for 10 min and cell lysates were collected via centrifugation at 13,000 rpm for 5 min (Eppendorf). Protein concentration of these cell lysates was assayed using Coomassie Plus (Pierce) against known BSA protein standards (Pierce) by determining absorbance at 595 nm. Samples containing equal loading of total protein were incubated with their respective assay buffers and para-nitroaniline (pNA) labeled caspase substrates in excess at 37°C in 96 well plates. Release of free pNA chromophores from cleaved substrates by caspases were monitored by tracking changes in absorbance at wavelength of 405 nm, using a microplate reader (Tecan) over a period of 2.5 h in 15 min intervals. Caspase activity of each sample was subsequently calculated from the rate of increase in free pNA. Caspase substrates used were DEVD-pNA (for caspase-3), IETD-pNA (for caspase-8), LEHD-pNA (for caspase-9), VDVAD-pNA (for caspase-2), WEHD-pNA (for caspase-1, -4 and -5) and VEID-pNA (for caspase-6). Buffers and substrates were used as instructed in Chemicon's colorimetric assay kits (APT163, APT167, APT169, APT173, APT165 and APT171) for the respective caspases.
Western blotting assay for caspase-3 activation Harvested CHO cell pellets were lysed and protein concentration of these cell lysates was assayed using methods described in the previous section. Cell lysates containing 50 lg of protein were loaded for each sample, resolved via 12% polyacrylamide SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membrane (Biorad). Rabbit polyclonal antibody which recognizes the full length human caspase-3 and the large fragment of caspase-3 resulting from cleavage (Cell Signaling) was used as primary antibody, while horseradish-peroxidase (HRP) conjugated goat anti-rabbit IgG (H + L) antibody (Jackson ImmunoResearch) was employed as secondary antibody. Detection was carried out using ECL detection reagent (Amersham Biosciences) and exposed using chemiluminescent detection film (Roche).
Isoelectric focusing (IEF)
Supernatant samples were concentrated via MicroconÒ (Millipore) or diluted to 1000 IU EPO/L with dilution buffer (1% BSA, 50 mM Tris-HCl pH 7.4) prior to isoelectric focusing in a 1.3 mm thick, 5% T, 3% C polyacrylamide gel (Bio-rad) containing 7 M urea (Fluka), 1.2% (w/v) 2-4, 1.2% (w/v) 4-6, 1.2% (w/v) 6-8, 0.4 % (w/v) 2-11 ampholytes (Serva) and 5% (w/v) sucrose (Sigma). After prefocusing at 250 V and 10°C for 30 min (using 0.5 M NaOH as catholyte and 0.5 M H 3 PO 4 as anolyte), 20 ll of diluted/concentrated samples were applied onto rectangular pieces of filter paper, placed 0.5 cm from the cathode end of the gel. Electrophoresis was conducted on the Multiphor II Electrophoresis system (Amersham-Pharmacia) at 1 W per cm of gel length and stopped at 3,600 Vh. EPO isoforms were specifically revealed by a double-blotting method using monoclonal anti-human EPO AE7A5 (R&D Systems) as primary antibody and biotinylated goat anti-mouse IgG (H + L) (Pierce) as secondary antibody, according to previously described methods (Lasne 2001 (Lasne , 2003 . Chemiluminescent images of these IEF blots were detected with a charge coupled device (CCD) camera (Fuji), using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce).
Luminescence intensity analysis and sialylation quality evaluation Luminescence intensity spectrum corresponding to the isoelectric profile of each sample was obtained using ''AIDA 1D-Evaluation'' software from Fuji. Quantitative sialylation quality of each sample was evaluated based on both the distribution of luminescence intensity and the degree of sialylation associated with the respective isoforms.
Results

Growth profiles of batch and fed-batch cultures
Viable cell density profiles of both batch and fedbatch cultures of CHO-K1 EPO HT #1 exhibited a trend as shown in Fig. 1A , B, with characteristic logarithmic, stationary and death phases. A maximum viable cell density of 5.07 · 10 6 cell ml -1 was observed at a culture time of 96 h for batch culture. Maximum viable cell density of fed-batch culture reached 8.56 · 10 6 cell ml -1 at a culture time of 136 h. Cumulative integral viable cell density showed an approximate 2-fold increase in fed-batch culture over batch culture. Decline in culture viabilities was observed at 120 and 168 h for batch and fed-batch cultures, respectively. Intracellular caspase activity profiles of batch and fed-batch cultures Intracellular caspase activity profiles during the entire course of batch and fed-batch cultures, in a time course format, were previously unreported. The intracellular caspase activities at various time points, in both batch and fed-batch cultures, were analyzed using Chemicon's caspase assay kits, containing six different substrates designed for various human caspases. As shown in Fig. 1A , intracellular caspase-2, caspase-3, caspase-6, caspase-8 and caspase-9 like activity peaks were observed at a culture time point of 136 h and cell viability of 71% in batch culture. In fed-batch culture, caspase-2, caspase-3, caspase-6, caspase-8 and caspase-9 like activity peaks were located at a culture time point of 208 h and corresponding cell viability of 43% (Fig. 1B) .
Caspase-3 Western blots of batch and fedbatch cultures Activation of inactive zymogene of caspases is often used as a benchmark to signify the occurrence of apoptotic death. Among the 14 identified caspases, cleavage of effector caspase-3 is often employed by investigators to verify the activation of the caspase signaling cascade (Li et al. 2001; Tse and Rabbitts 2000) . Western blot was performed to track the cleavage of caspase-3 in a time course format for batch and fed-batch cultures. As shown in Fig. 1C , D, inactive caspase-3 zymogene (35 kDa) was cleaved into smaller fragments (30 and 19 kDa) during the later stages of culture in both batch and fed-batch setups, which further accentuated that apoptosis was indeed activated in batch and fed-batch cultures. The 19 kDa fragment is the large subunit of active capsase-3. In batch culture, cleavage of capase-3 was first observed at 112 h of culture, . Similarly, in fed-batch culture, cleavage of capase-3 was first observed at 136 h of culture, which corresponded to a culture viability of 98.1%. Maximum amounts of cleaved caspase-3 subunits were detected at 136 and 208 h in batch and fed-batch cultures, respectively, which concurred with the occurrence of the caspase-3 activity peaks in the caspase activity assay. This antibody was known to recognize human, mouse and rat caspase-3, as shown here, it also recognize Chinese hamster caspase-3. Since the antibody only recognizes the full length and the large fragment (p20 subunit) of caspase-3, the small subunit of caspase-3 was not detected.
Extracellular sialidase activity profiles of batch and fed-batch cultures
The release of sialidase from dead cells into culture medium and the concomitant desialylation of recombinant product is a major problem caused by apoptosis during cell culture processes. The sialidase activities of batch and fed-batch culture media at various time points are shown in Fig. 2A , B. The sialidase activities of both batch and fed-batch cultures, during the initial 120 h of culture were found to be consistently low, which implied that sialidase release was not a secretory event. Peak sialidase activities of both batch and fed-batch cultures, occurred at a sample time point subsequent of the caspase-3 activity peak. Coupled with the fact that the initial increase in sialidase activities for both batch and fed-batch cultures (see arrows in Fig. 2A , B) were accompanied by a marked increase in caspase activities; these observations suggest that extracellular sialidase activities, in both batch and fed-batch cultures, were due to intracellular sialidase release, which in turn was an event downstream of apoptosis. The sialidase activity in the fed-batch culture medium was much higher than that in the batch culture medium could be due to the higher cell density in the fed-batch culture.
LDH activity profiles of batch and fed-batch cultures
The release of LDH has been used as a generic indicator of cell death (Wagner et al. 1992) . LDH activity in the culture medium of both batch and fed-batch cultures were tested and the results are shown in Fig. 2A , B. The initial increase in LDH activities in both batch and fed-batch medium coincided with the increase in sialidase activity in the media and the increase in caspase activities. The onset of cell death occurred at the same time point for both methods (indicated by arrows in Fig. 2A, B) . Intuitively, LDH release could also indicate that significant amount of other intracellular enzymes, such as proteases and glycosidases, were also indiscriminately released into the medium during the death phase of culture.
Volumetric EPO yield in batch and fed-batch cultures
In batch culture, a peak EPO concentration of 0.9 mg l -1 was obtained at a culture time point of 112 h, which was 32 h before the observed caspase-3 peak (Fig. 3A) . The reason for this premature halt in EPO production could be due to nutrient depletion, which was inevitable in batch culture. In fed-batch culture, a peak EPO concentration of 4.61 mg l -1 was established at a culture time point of 208 h. This was the same time point at which caspase activities peaked (Fig. 3B) . In fed-batch culture, volumetric EPO yield continued to escalate even at rather low cell viabilities (70 fi 45%) as shown in Fig. 3B . This could be due to the availability of nutrients in fed-batch culture, which provided an impetus for the remaining viable cells to actively secrete EPO. Once these cells are committed towards apoptosis (signified by the observed caspase-3 peak), these cells would cease to produce the recombinant product. 
IEF profiles of EPO in batch and fed-batch cultures
The sialylation quality of secreted EPO at various culture time points in both batch and fed-batch cultures was analyzed by IEF. Sialylation quality was evaluated based on the sialylation pattern of secreted EPO resolved through IEF. As shown in Fig. 4A , a highly consistent EPO sialylation profile was observed throughout the entire batch culture. The most sialylated EPO product, the band I, which was the nearest to the anode, was not detected after a culture period of 184 h. In the fed-batch culture, gradual band shifts could be observed from Fig. 4B as the culture progressed. The most sialylated EPO product, the band I, was not detected after 144 h, while bands, II and III, which were progressively less sialylated, were not detected in the medium after 192 and 216 h, respectively.
In batch culture, sialidase activity peaked at a culture time point of 184 h, concurring with the loss of the most sialylated band I in the IEF profile (Figs. 2A, 4A ). The peak sialidase activity of fed-batch culture occurred at a culture time of 216 h and corresponded with the loss of band III in the IEF profile (Figs. 2B, 4B) . Loss of bands I, II and III in fed-batch culture and loss of band I in batch culture occurred at normalized sialidase activities of 0.29, 1.12, 2.03 and 0.64 FU min -1 ll -1 of media, respectively. Significant loss of hypersialylated species in fed-batch culture during the death phase, as compared to batch culture, could be attributed to a larger total cell density, which directly correlated to larger amount of sialidase released, leading to more extensive desialylation.
Cumulative Culture Time (h) Relative LDH Activity (Undiluted) A band intensity spectrum corresponding to an early batch culture sample is shown in Fig. 4C . Peaks to the right correspond to the more sialylated EPO isoforms, while percentages displayed on top of peaks represent the relative distribution of each EPO isoform in the resolved culture sample. A quantitative analysis of these band intensity spectrums is shown in Fig. 5 . These data represent the relative total sialic acid on the EPO molecule at different time points. In contrast to batch culture, sialylation quality of EPO in fed-batch culture deteriorated even more during the late logarithmic to stationary phase of culture. It should be pointed out that the derived numerical index shown in Fig. 5 is not an absolute quantification of EPO sialic acid content but a relative comparison between product sialylation of EPO at various time points of both batch and fed-batch cultures.
Discussion
Apoptosis is broadly regarded as the principal mechanism responsible for death in cell cultures (Goswami et al. 1999; Vives et al. 2003) . Our results further confirmed this proposition. In both batch and fed-batch cultures, all caspase activities peaked at the same time point at which cell viability declined most abruptly. In spite of the fact that caspase-8 and caspase-9 are initiator caspases, both enzymes peaked at the same time point as effector caspase-3 and caspase-6. This could be attributed to the large interval between consecutive samplings (8 or 16 h), which limited the sensitivity of this assay (since enzymatic reactions involving initiator and effector caspase activation are likely to be rather spontaneous). When analyzed with these synthetic short peptides as substrates, peak activity of caspase-3 was the highest, followed by caspase-2, caspase-6, caspase-9 and caspase-8.
Caspase-1, -4 and -5 activities were absent in both batch and fed-batch cultures since the substrate (WEHD-pNA) for these three caspases was not cleaved. This observation was not surprising. Caspase-1 was reported to be involved specifically in inflammation rather than apoptosis (Zeuner et al. 1999) , and thus unlikely to be activated under batch and fed-batch culture conditions. Caspase-4 and -5 were not found in the mouse genome (Reed et al. 2003) and have not been reported in rats either. It is very likely that caspase-4 and -5 would be absent in CHO cells, since Chinese hamsters are closely related to rats and mice.
The apoptotic pathways involved in batch and fed-batch cultures could be different, since the fundamental aim of fed-batch culture is to overcome nutrient limitation in batch culture. However, results from the caspase activity assay seem to imply that both caspase-8 and caspase-9 were activated in batch and fed-batch cultures, suggesting that both the mitochondrial and death receptor pathways might be involved. However, before any conclusion can be reached, there is a need to demonstrate the actual activation of the respective caspases in batch or fed-batch cultures, using alternative methods such as immuno-blotting. Although a particular substrate may be cleaved most efficiently by a specific caspase, many other caspases can also contribute to the cleavage of that substrate, possibly with a lower efficiency. For example, the cleavage of ''caspase-8 substrate'' shown in Fig. 1A , B should be treated as a combined effect of several caspases, i.e. caspase-8 itself and possibly several other caspases. According to Thornberry et al. (1997) , these caspase substrates were derived combinatorially, based on specificity for recombinant human caspases; but even then, these sequences were demonstrated not to be highly specific in their caspase recognition abilities (Talanian et al. 1997) .
Intracellular sialidase release has been reported to be the chief determinant for the deterioration in sialylation profiles of recombinant cell cultures during the death phase (Gramer and Goochee 1993; Gramer et al. 1995) . The loss of the three most sialylated EPO bands and the appearance of several less sialylated bands during the death phase of fed-batch culture (Fig. 4B) closely correlated with the increase in extracellular sialidase activity, suggesting sialic acid residues on the EPO molecules could possibly be liberated by sialidase action. However, extent of sialylation of EPO in fed-batch culture was observed to be inferior to that of batch culture (Fig. 5) , even during the late logarithmic phase of culture. This observation was inferred from the disappearance of the most sialylated band I, in fed-batch culture after only 144 h. Since sialidase activity detected in the medium during this time frame was found to be low (~0.29 FU min -1 ll -1 ), this phenomenon is unlikely to be caused by sialidase release.
After a careful analysis of the data shown in Figs. 2B, 5, we realized that the sialylation of EPO in the fed-batch culture started to drop even when the sialidase activity in the medium was still relatively low. A possible explanation for this observation is that the sialylation of recombinant EPO was affected by other factors. Presence of ammonium in culture medium has been reported to reduce both the extent of sialylation and antennarity of glycan structures (Yang and Butler 2000a , 2000b . In these experiments, the ammonium concentration was rather high in the fed-batch culture during the late logarithmic to stationary phase as compared to that of the batch culture (data not shown). Influx of less sialylated EPO variants secreted into the medium during this time frame is likely to adulterate and/or inundate hypersialylated EPO produced during the early logarithmic phase when ammonium concentration was low. This explanation would also justify the relatively ''basic'' sialylation profile that was detected by IEF during late logarithmic to stationary phase of culture, in addition to the action of the sialidase in the medium. Lactate dehydrogenase (LDH) assay is a cell death assay based on measurement of LDH activity in the culture medium. LDH is a cytosolic enzyme but is rapidly released into the medium upon loss of membrane integrity. This assay was originally used to measure cell death via necrosis (Koh and Choi 1987) . Lately it has been successfully used to measure apoptotic cell death as well (Lobner 2000; Koh et al. 1995; Koh and Cotman 1992) . We clearly demonstrated that in both batch and fed-batch cultures the increase of LDH in the medium coincided with the activation of all the caspases inside the cell. Therefore, the release of LDH into the medium is very likely due to apoptotic death, rather than necrotic death. Thus, the increase of LDH activity in the culture medium can be used as an indicator for apoptotic cell death in the bioreactors.
In conclusion, we have systematically analyzed the activation of various caspases and the release of sialidase and LDH into the medium during batch and fed-batch cultures. All the caspase activities peaked at the time points when the viability dropped most dramatically. At the same time, sialidase and LDH, possibly other cellular contents as well, were released into the medium. As a result, the recombinant product, EPO in this case, gradually lost its sialic acid. IEF can be employed to monitor this change throughout the entire course of the culture. The key parameters, such as product yield and extent of product sialylation, can be used to optimize the harvest time point. Since LDH in the medium can be easily monitored it can serve as an indirect marker for apoptotic cell death in bioreactors.
